After axotomy, expression of acetylcholinesterase (AChE) is greatly reduced in the superior cervical ganglion (SCG); however, the molecular events involved in this response remain unknown. Here, we first examined AChE mRNA levels in the brain of transgenic mice that overexpress human HuD. Both in situ hybridization and reverse transcription-PCR demonstrated that AChE transcript levels were increased by more than twofold in the hippocampus of HuD transgenic mice. Additionally, direct interaction between the HuD transgene product and AChE mRNA was observed. Next, we examined the role of HuD in regulating AChE expression in intact and axotomized rat SCG neurons. After axotomy of the adult rat SCG neurons, AChE transcript levels decreased by 50 and 85% by the first and fourth day, respectively. In vitro mRNA decay assays indicated that the decrease in AChE mRNA levels resulted from changes in the stability of presynthesized transcripts. A combination of approaches performed using the region that directly encompasses an adenylate and uridylate (AU)-rich element within the AChE 3Ј-untranslated region demonstrated a decrease in RNA-protein complexes in response to axotomy of the SCG and, specifically, a decrease in HuD binding. After axotomy, HuD transcript and protein levels also decreased. Using a herpes simplex virus construct containing the human HuD sequence to infect SCG neurons in vivo, we found that AChE and GAP-43 mRNA levels were maintained in the SCG after axotomy. Together, the results of this study demonstrate that AChE expression in neurons of the rat SCG is regulated via post-transcriptional mechanisms that involve the AU-rich element and HuD.
Introduction
Acetylcholinesterase (AChE) is the enzyme responsible for terminating cholinergic neurotransmission in the CNS and peripheral nervous system (PNS), by rapid hydrolysis of acetylcholine (for review, see Massoulie et al., 1993; Legay, 2000; Soreq and Seidman, 2001; Rotundo, 2003) . AChE is predominantly expressed in cholinergic tissues (muscle and neurons); however, it is also expressed in some noncholinergic neurons and nonexcitable cells, such as hematopoietic cells (Hammond et al., 1994; Bernard et al., 1995; Brimijoin and Hammond, 1996; Lev-Lehman et al., 1997; Chan et al., 1998) . As a result, several noncholinergic roles have been described for AChE including in neurite elongation, cell adhesion, and synaptogenesis (Brimijoin and Hammond, 1996; Koenigsberger et al., 1997; Grifman et al., 1998; Sternfeld et al., 1998; Lev-Lehman et al., 2000; Sharma et al., 2001 ) (for review, see Soreq and Seidman, 2001 ). In addition to having these nonclassical roles, AChE and its different molecular forms have been implicated in the development of neuronal tumors, in Alzheimer's disease, and in post-traumatic stress disorder (Karpel et al., 1994; Kaufer et al., 1998; Perry et al., 2002) . Although AChE is implicated in many different aspects of neuronal development, function, and diseases, the molecular mechanisms involved in regulating its expression are still relatively poorly defined, especially in vivo.
Nevertheless, a small number of distinct studies mostly performed with cultured neuronal cell lines have begun to address the specific roles of transcriptional and post-transcriptional mechanisms in AChE regulation. For instance, during differentiation of cultured neuronal cell lines, initial studies have suggested that increased AChE activity is a downstream consequence of upregulated gene transcription (Greene and Rukenstein, 1981) . More recent studies have confirmed that AChE promoter activity is significantly increased during neuronal differentiation (Wan et al., 2000; Siow et al., 2002 Siow et al., , 2005 Jiang et al., 2003) . Furthermore, transcriptional activation of the AChE gene was reported to occur in response to stress and in aggressive tumor cells (Meshorer et al., 2002 (Meshorer et al., , 2004 Perry et al., 2002) .
In contrast, an early study performed with pluripotent P19 cells implicated post-transcriptional mechanisms as the principal mechanism involved in AChE mRNA regulation during neuronal differentiation (Coleman and Taylor, 1996) . Recently, we re-ported that after a transient increase in AChE gene transcription, post-transcriptional events are indeed predominantly responsible for regulating AChE mRNA levels during neuronal differentiation. Specifically, we demonstrated that the RNA-binding protein HuD [name based on the initials of the patient in which the onconeural antibodies were discovered (for review, see Deschênes-Furry et al., 2006) ], a neuronal member of the Hu family, through binding with the AChE 3Ј-untranslated region (UTR), could increase AChE mRNA levels via its stabilizing activity (Deschênes-Furry et al., 2003) . It remains to be determined, however, whether similar regulatory mechanisms are acting in vivo to mediate AChE expression in neurons. To this end, we initiated a series of experiments aimed at characterizing the posttranscriptional mechanisms regulating AChE expression in vivo. Specifically, we have examined the interaction of HuD with AChE mRNA in neurons of the CNS and the importance of this interaction in regulating AChE mRNA levels after PNS neuronal injury.
Materials and Methods
Animal care and surgical procedures. Production and characterization of human HuD-overexpressing transgenic mice has been described in detail previously (Bolognani et al., 2006) . Briefly, the complete human HuD cDNA sequence (Szabo et al., 1991) with an N-terminal myc tag inserted downstream of the Ca 2ϩ /calmodulin kinase II ␣-subunit (␣-CaMKII) promoter was used to generate the transgenic mice. Two lines were used in these studies, a low expresser (HuD2), which was used as a control for some experiments, and a high expresser (HuD4).
Female Sprague Dawley rats weighing 150 -200 g were obtained from Charles River Laboratories (Québec, Canada) and housed in a 12 h light/ dark cycle with access to standard food and water ad libitum. Rats were anesthetized by gas inhalation with halothane, and superior cervical ganglion (SCG) axotomy was performed by cutting the internal and external carotid nerves ϳ2-5 mm from the ganglion body. In sham-operated animals, the SCG was exposed, but the nerves remained intact and untouched. These SCGs were used as controls. Sham-operated and axotomized SCGs were removed from anesthetized animals 1, 2, and 4 d after axotomy. Success of the axotomy was determined by resulting ptosis of the ipsilateral eyelid. For HuD viral expression studies, 4 l (1 ϫ 10 7 particles/ml) of herpes simplex virus (HSV) containing either the LacZ sequence (HSV-LacZ) (Neve et al., 1997) or the myc-tagged human HuD sequence (HSV-HuD) (Anderson et al., 2001 ) was injected into SCGs using a 27 gauge needle attached to a Hamilton syringe and the Harvard Apparatus (Holliston, MA) PHD 2000 Infuse/Withdraw syringe pump at a rate of 1.5 l/min. Axotomy was performed on the SCG 4 d after viral infection. HSV was prepared and tittered as described previously (Anderson et al., 2001 ). All tissues were stored at Ϫ80°C until use. Animal care and surgical procedures were performed in accordance with the guidelines established by the Canadian Council on Animal Care.
RNA extraction and reverse transcription-PCR. Total RNA was isolated from three to four SCGs or from different brain regions of HuD transgenic mice using a Kontes glass tissue homogenizer and 1 ml of TRIzol reagent (Invitrogen, Burlington, Ontario, Canada) according to the manufacturer's instructions and as described previously (Michel et al., 1994; Boudreau-Lariviere et al., 2000) . All RNA samples were stored at Ϫ80°C until use. RNA from each sample was quantified using the Gene Quant II RNA/DNA spectrophotometer (Amersham Biosciences, Piscataway, NJ) and adjusted to a final concentration of 80 ng/l.
Reverse transcription of RNA and quantitative PCR were performed as described previously (Jasmin et al., 1993; Michel et al., 1994; BoudreauLariviere et al., 2000) . cDNAs corresponding to AChE, GAP-43, HuD, and S12 ribosomal protein (S12; used as an internal control) were amplified as described in detail previously (Jasmin et al., 1993; Michel et al., 1994; Boudreau-Lariviere et al., 1996; Mobarak et al., 2000; Angus et al., 2001) . Primers for AChE, GAP-43, and S12 were synthesized based on available sequences and amplified products of 670, 737, and 368 bp, respectively (Forster et al., 1993; Legay et al., 1993; Mobarak et al., 2000) .
The HuD 5Ј and 3Ј primers (5Ј, ACGCATCCTGGTTGATCAAG; 3Ј, AGAGGACACTCTCATCAGAATCAG) were designed based on available sequences (GenBank accession number NM_010488.1), and amplified products corresponded to HuD pro (456 bp) and HuD (411 bp). PCR cycling parameters consisted of an initial denaturation at 94°C for 1 min; followed by a 1 min annealing step at 54°C for S12, at 55°C for GAP-43, at 60°C for HuD, and at 70°C for AChE; and a 2 min extension step at 70°C for AChE or a 1 min extension step at 72°C for S12, HuD, and GAP-43. This was followed by a 10 min elongation step at 72°C.
PCR products were visualized on ethidium bromide-stained 1.5% agarose gels and quantified using the fluorescent dye VistraGreen (Amersham Biosciences). Quantitative analysis was performed using a Storm PhosphorImager and the accompanying ImageQuaNT software (Molecular Dynamics, Sunnyvale, CA). The values obtained for AChE, GAP-43, and HuD (HuD pro and HuD combined) were standardized to those obtained with S12 in the same sample and expressed as a percentage of the control (sham-operated) sample. All reverse transcription (RT)-PCRs aimed at determining the relative abundance of AChE, GAP-43, and HuD mRNAs were performed during the linear range of amplification. All samples, including the negative control, were prepared using common master mixes containing all of the RT and PCR reagents and were run in parallel. In all experiments, PCR products were never detected in the negative control.
In situ hybridization. In situ hybridization (ISH) was performed on 10-m-thick frozen sections of adult mouse brains using a modified version of a detailed previously published protocol (Young et al., 1998) . Briefly, sense and antisense cRNA probes were synthesized by in vitro transcription using T7 or T3 RNA polymerase (Promega, Madison, WI), respectively, and 35 S-UTP and 35 S-CTP radiolabeled nucleotides (Amersham Biosciences). The cDNA sequence encoding parts of AChE exon 6 and the 3Ј-UTR (nucleotides 1476 -1987 of the AChE mRNA sequence; accession number S50879) were inserted in frame in the pBS II-SK vector and used as template cDNA for in vitro transcription. Radiolabeled cRNA probes were separated from unincorporated nucleotides using NAP-5 Columns (Amersham Biosciences), precipitated, and stored in hybridization buffer (50% formamide, 300 mM NaCl, 20 mM Tris-HCl, 5 mM EDTA, pH 8.0, 10% dextran sulfate, 1ϫ Denhardt's solution, 50 g/ml yeast tRNA, and 10 mM DTT) at Ϫ80°C until use. The sections were hybridized overnight with 2 ϫ 10 4 cpm/l of probe in 25-30 l of hybridization buffer and washed as described previously (Young et al., 1998) . Dehydrated and air-dried slides were dipped in NTB2 (Kodak, Rochester, NY) autoradiographic emulsion and exposed for 14 d. The slides were subsequently developed in Kodak Dektol developer. The labeled sections were viewed and photographed using a Zeiss (Thornwood, NY) Axiophot microscope.
In vitro mRNA stability assay. In vitro mRNA stability assay was performed using a protocol adapted from other publications (PerroneBizzozero et al., 1991; Ford and Wilusz, 1999; Mobarak et al., 2000) . Briefly, total RNA was obtained from PC12 cells differentiated in the presence of NGF for 72 h as described previously (Deschênes-Furry et al., 2003) . Total protein was extracted from sham-operated or 2 d axotomized SCGs (see below for procedure). Total RNA from PC12 cells (0.4 g/l) was incubated with total SCG proteins (0.1 g/l) in a final volume of 200 l at 37°C in stability buffer [1ϫ MOPS (4-morpholinepropanesulfonic acid), 1 mM ATP, 0.1 mM spermine, 2 mM DTT, and 1 U/l RNase inhibitor]. At intervals of 0, 5, 10, 30, and 60 min, a 40 l aliquot was removed, and the reaction was stopped by the addition of ice-cold phenol/chloroform. The time 0 aliquot was removed promptly after mixture of the protein and RNA. Deproteination and precipitation of the RNA were then performed in the presence of 2 g of oyster glycogen. RNA was stored at Ϫ80°C until use for RT-PCR and quantified as described above.
Protein extraction. Total protein was obtained from SCGs using a Kontes glass tissue homogenizer and 250 -500 l of homogenization buffer (0.34 M sucrose, 60 mM NaCl, 15 mM Tris-HCl, pH 8.0, 10 mM EDTA, and protease inhibitor mixture). The resulting homogenate was sonicated (10 s pulse at 50% duty cycle and a power output of 1 using the Branson Sonifier 450) and centrifuged (12,000 ϫ g for 15 min at 4°C). After centrifugation, the supernatant was recovered, and protein concentra-tion was quantified using the Bradford assay (Bio-Rad, Hercules, CA). Aliquots of total protein were stored at Ϫ80°C until use.
GST-HuD vector and protein purification. The glutathione S-transferase (GST)-HuD vector was prepared by inserting the human HuD sequence excised from the pcHuD vector (Mobarak et al., 2000) , using the BamHI sites flanking the sequence, into the pGEX 4T1 vector using the same restriction enzyme sites. The resulting vector was sequenced, and insert orientation was verified. GST-tagged HuD was produced and purified using the GST Microspin Purification Module kit (Amersham Biosciences) according to the manufacturer's instructions.
In vitro transcription. cDNAs encoding the AChE 3Ј-UTR were obtained by PCR amplification of the plasmid template pGL3-3Ј-UTR as described previously (Boudreau-Lariviere et al., 2000; Deschênes-Furry et al., 2003) . The primers used to amplify the small fragment encompassing the adenylate-and uridylate-rich element (ARE; 64 nucleotides) and to amplify the region of the GAP-43 3Ј-UTR known to interact with HuD (209 nucleotides) were designed to include a T7 promoter. Radiolabeled AChE 3Ј-UTR transcript fragments were synthesized using ␣-32 P-UTP (Amersham Biosciences) and an in vitro T7 transcription system (Promega) according to the manufacturer's instructions.
Biotin-labeled CTP (Biotin-14-CTP; Invitrogen) was used to synthesize nonradioactive-labeled transcripts for mRNA-binding protein pulldown assays. Biotin-labeled CTP consisted of 20 and 40% of the CTP used in the in vitro transcription reaction for the ARE, full-length (FL) AChE 3Ј-UTR, and FL GAP-43 3Ј-UTR, respectively. In vitro transcription with biotin-labeled CTP was performed using the MEGAscript T7 or SP6 transcription system (Ambion, Austin, TX) according to the manufacturer's instructions.
Electrophoretic mobility shift assay, UV-cross-linking assay, and mRNAbinding protein pull-down assay. RNA-based electrophoretic mobility shift assays (REMSAs), UV-cross-linking (UV-XL) assays, and mRNAbinding protein pull-down assays were performed using total protein extracts obtained from pooled (ϳ14 SCGs) sham-operated and 2 d axotomized rat SCGs. REMSAs were performed as described previously (Wilson and Brewer, 1999; Hew et al., 2000; Alterio et al., 2001) . Briefly, 20 g of protein extract, or 200 mM GST-HuD construct, or GST alone was incubated at 37°C for 20 min with 2 ϫ 10 5 cpm of 32 P-labeled AChE 3Ј-UTR fragment in 2ϫ binding buffer (20 mM HEPES, pH 7.9, 3 mM Mg-acetate, 50 mM K-acetate, 1 mM DTT, 5% glycerol, 0.2 g/l yeast tRNA, and 2.5 g/l heparin) in a total volume of 20 l. The mixture was separated by 6% native PAGE with 0.5ϫ Tris borate-EDTA running buffer. The gels were subsequently dried under vacuum at 80°C for 1 h and exposed to x-ray film at Ϫ70°C.
UV-XL assays were performed similarly to the REMSAs, with the exception that the complexes formed between the protein extract and radiolabeled 3Ј-UTR fragments were cross-linked under 254 nm UV light using the CL-1000 Ultraviolet Crosslinker (UVP, Upland, CA). The cross-linked complexes were then treated with 0.5 U of RNase T1 (Calbiochem, La Jolla, CA) and 1 g of RNase A (Qiagen, Mississauga, Ontario, Canada) for 20 min at 37°C. After RNase treatment, SDS-loading buffer was added to each sample, and the samples were separated by 10% SDS-PAGE. To ensure that equivalent amounts of protein were loaded for each sample, the gels were stained with Coomassie blue before being dried. The gels were dried at room temperature between two sheets of cellophane and exposed to x-ray film at Ϫ70°C.
mRNA-binding pull-down assays were performed similarly to the REMSAs. Biotin-labeled mRNA (2 g) was incubated with protein extracts (100 g) that had been precleared with streptavidin-coated Dynabeads (Dynal Biotech, Oslo, Norway) for 30 min at room temperature in 2ϫ binding buffer (see above). The RNA-protein reaction was incubated for 1 h at 4°C with streptavidin-coated Dynabeads. The supernatant was collected and stored for future use in Western blots. The beads were washed several times with 1ϫ binding buffer and resuspended in 1ϫ binding buffer and SDS-loading dye. The pulled-down proteins were used in Western blots (see below).
Northwestern analyses. Northwestern analyses were performed as described in detail previously (Sagesser et al., 1997; Erondu et al., 1999) . Briefly, 50 g of total protein extract was separated by SDS-PAGE using a 10% gel and electroblotted onto a nitrocellulose membrane (Bio-Rad). The membrane was then incubated in renaturation buffer [15 mM HEPES, pH 7.9, 50 mM KCl, 0.1 mM MnCl 2 , 0.1 mM ZnCl 2 , 0.1 mM EDTA, 0.5 M DTT, and 0.1% (v/v) Igepal CA-630 (a Nonidet P-40 substitute) in RNase-free water] at 4°C overnight. The membranes were prehybridized for 1 h at room temperature in renaturation buffer containing 0.2 mg/ml yeast tRNA and hybridized for 4 h at 4°C in renaturation buffer including yeast tRNA, 5 mg/ml heparin, and 1 ϫ 10 6 cpm/ml RNA probe corresponding to the ARE. The membranes were exposed to x-ray film at Ϫ70°C after several washes in renaturation buffer. To ensure that equivalent amounts of proteins were loaded for each sample, the membranes were stained with Ponceau S (Sigma, St. Louis, MO) after exposure to x-ray film.
Immunoprecipitation and mRNA analysis. Immunoprecipitation of the HuD transgene protein product from a hippocampal protein extract of the HuD transgenic mice (see above) was performed using protocols adapted from Tenenbaum et al. (2002) and Mobarak et al. (2000) . Proteins were extracted from hippocampal tissues using a polysome lysis buffer [100 mM KCl, 5 mM MgCl 2 , 10 mM HEPES, pH 7.0, 0.5% Igepal CA 630, 1 mM DTT, 1 mg/ml pepstatin A, Mini-complete, EDTA-free protease inhibitor mixture (Roche Applied Science, Québec, Canada), and 100 U/ml Rnasin (Promega)]. Protein extracts were centrifuged (12,000 ϫ g for 15 min at 4°C), and resulting supernatants were aliquoted and kept at Ϫ80°C until use. Cytoskeletal fractions were obtained from the pellets by resuspending them in 0.1% SDS containing lysis buffer, followed by the addition of excess nonionic detergent. The solution was centrifuged again, and the resulting was supernatant aliquoted and stored at Ϫ80°C until use.
For immunoprecipitations, 500 g of total proteins or 250 g of the cytoskeletal fraction was first precleared with 1 g of normal mouse IgG (Santa Cruz Biotechnology, Santa Cruz, CA) and 20 l of protein G Dynabeads (Dynal Biotech) in immunoprecipitation buffer (20 mM Tris, pH 7.0, 50 mM NaCl, 3 mM Mg-acetate, 100 M ZnCl 2 , 1% Igepal CA-630, 1% BSA, 10 g/ml yeast tRNA, 5 mM EDTA, 1 mM DTT, and 100 U/ml Rnasin) for 1 h at room temperature with constant mixing. The resulting supernatant was incubated with 2 g of anti-myc antibody (Roche Applied Science) or an equivalent amount of normal mouse IgG at room temperature with constant mixing for 2 h. The reaction mixture was subsequently added to 30 l of protein G Dynabeads and incubated at room temperature with constant mixing for 1 h. After this incubation, the beads were washed several times with immunoprecipitation buffer, and total RNA was extracted from the pellet using TRIzol reagent as described above. The extracted RNA was subsequently used for RT-PCR using the Omniscript Reverse Transcription kit (Qiagen) and HotStarTaq DNA polymerase (Qiagen) as recommended by the manufacturer and as described above.
For GST-HuD immunoprecipitation and RT-PCR, 1 g of GST-HuD or GST was incubated with 5 g of RNA extracted from sham-operated SCGs at room temperature in binding buffer (described above) for 20 min. The reaction mixture was precleared and immunoprecipitated using anti-HuD antibody 16C12 (Clonegene, Hartford, CT). Bound RNA was extracted and used for RT-PCR as described above.
Western blot. For Western blotting, 20 -25 g of protein extract obtained from mouse hippocampus (see above), sham-operated, and 2 d axotomized SCGs or from the mRNA-binding protein pull-down assays were denatured in SDS-loading buffer and subjected to 10% SDS-PAGE. Proteins were then transferred onto a nitrocellulose membrane (BioRad). After transfer, the membranes were incubated with antibodies directed to the myc epitope (Roche Applied Science), HuD (Clonegene), neuronal Hu proteins (Invitrogen, Eugene, OR), or ␣-tubulin (Sigma) and revealed using the SuperSignal ECL kit (Pierce, Rockford, IL).
Statistical analysis. An ANOVA was performed to evaluate the effects of SCG axotomy and HuD viral expression on AChE mRNA levels. The Fisher's least square difference test was used to determine whether the differences seen between group means were significant. An unpaired Student's t test was performed to evaluate the effects of human HuD transgene expression in the hippocampus on the levels of AChE mRNA. The level of significance in both analyses was set at p Ͻ 0.05. Data are expressed as mean Ϯ SE throughout.
Results

HuD binds AChE transcripts in vivo
In a first series of experiments, we examined whether HuD binds AChE and regulates AChE mRNA levels in vivo. To this end, we first examined expression levels of AChE mRNA in the CNS of the recently described transgenic mice that overexpress human HuD in specific subpopulations of neurons (Bolognani et al., 2006) . For these studies, we focused on the HuD4 line of transgenic mice (high expresser), whose HuD protein levels were twofold greater than control littermates and whose myc-tagged transgene product was up to fourfold greater than the HuD2 line (low expresser) that expressed the lowest amount of transgene product (see Fig. 2 A) (Bolognani et al., 2006) . As well, because the human HuD transgene product was primarily expressed in the forebrain, as a result of the expression pattern of the promoter (␣-CaMKII) driving transgene levels, we concentrated on the hippocampus for these studies.
As shown in Figure 1 , using ISH we observed that AChE mRNA was expressed in the hippocampal neurons corresponding to the CA1-CA3 rostrocaudal axis, with very little expression in the dentate gyrus in both wild-type and HuD4 transgenic brains. The AChE mRNA grain density was clearly greater in the HuD4 transgenic mouse hippocampus than in the wild type, suggesting that these neurons expressed an increased amount of AChE mRNA. This observation was verified by quantitative RT-PCR performed on hippocampal brain regions, demonstrating that there was, in fact, a significant ( p Ͻ 0.05; n ϭ 2 and 3 different brain samples for wild type and HuD4, respectively) twofold to threefold increase in AChE mRNA levels in the HuD4 transgenic hippocampus (data not shown). In complementary experiments, we examined the mRNA levels in the cerebellum/ brainstem areas by RT-PCR and ISH. We found that AChE mRNA levels were also significantly increased by ϳfourfold in HuD4 transgenic cerebellum/brainstem regions (data not shown), most likely corresponding to cranial nerve nuclei in brainstem expressing high levels of AChE. Together, these results demonstrate that increased expression of HuD is associated with a concomitant increase in AChE transcript levels.
Given these results, we determined whether the transgene product expressed in the hippocampus could directly bind AChE transcripts. To this end, we used an antibody to the N-terminal myc epitope tag to immunoprecipitate the HuD transgene product from hippocampus cytoskeletal and cytosolic protein extracts of HuD2 and HuD4 transgenic mice and extracted the mRNA bound by HuD. Immunoblots for the myc epitope tag demonstrated and confirmed that HuD4 transgenic mice express considerably more HuD transgene product than the HuD2 line (Fig.  2 A) . As shown in Figure 2 B, AChE transcripts were extracted and amplified from the HuD4 cytoskeletal protein immunoprecipitate but were hardly detectable in the HuD2 immunoprecipitate because of the relatively low level of myc-tagged human HuD present in the HuD2 line (Bolognani et al., 2006) . This result serves as an ideal negative control for the immunoprecipitation assay, in that AChE mRNAs are not binding nonspecifically to the antibody or protein G dynabeads. In addition, we could only successfully extract and amplify AChE mRNA from the HuD4 cytoskeletal immunoprecipitate, which suggests, as demonstrated previously, that HuD and its associated transcripts are predominantly associated with the cytoskeleton (Pascale et al., 2004) . These results, together with those from Figure 1 , represent the first demonstration that AChE mRNA is associated with HuD in vivo.
Axonal injury results in decreased AChE mRNA levels Next, we examined the role of post-transcriptional mechanisms and HuD in regulating AChE transcript levels after neuronal injury. For these experiments, we used the sympathetic neurons from rat SCG. This model was chosen for multiple reasons: (1) the adrenergic neurons of the SCG receive predominantly cholinergic inputs and express high levels of AChE; (2) the structure of this ganglion consists of a single major site of input and two major sites of output (internal and external carotid nerves), allowing for simple manipulation; (3) its peripheral location allows Figure 1 . Expression of AChE mRNA is increased in the hippocampus of HuD-overexpressing transgenic mice. ISH for AChE mRNA was performed on coronal brain sections from wild-type (WT) and HuD-overexpressing transgenic (HuD4) mice using a radiolabeled antisense cRNA probe to AChE encompassing part of exon 6 through to the 3Ј-UTR. Scale bar, 500 m. were performed on total protein extracts from HuD2 and HuD4 transgenic mice hippocampus. The arrow indicates the bands corresponding to HuD splice variants. The lower band corresponds to nonspecific antibody interactions. The myc-tagged HuD transgene product was immunoprecipitated using an antibody directed to the myc epitope from cytoskeletal HuD2 and HuD4 transgenic mice hippocampus protein extracts. The bound mRNA was extracted, and RT-PCR for AChE was performed. B, Representative ethidium bromide-stained agarose gel displaying the AChE PCR product. Ϫ, Negative control.
for easy accessibility; and (4) the synaptic structure of these sympathetic neurons is similar to those of the CNS (Klimaschewski et al., 1994 (Klimaschewski et al., , 1996 Taxi and Eugene, 1995) . Neuronal injury (axotomy) was achieved with this model by cutting the internal and external carotid nerves as they exit from the ganglion body. The success of axotomy was determined by ptosis of the ipsilateral eyelid and by the concomitant decrease in tyrosine hydroxylase transcript levels (data not shown) (Sun and Zigmond, 1996) .
Although initial studies have demonstrated that SCG axotomy resulted in an ϳ60% decrease in AChE protein activity (Klingman and Klingman, 1969; Viana and Kauffman, 1984) , the effect of axotomy on the underlying molecular mechanisms remains poorly defined. Thus, we examined the initial response of AChE mRNA to SCG axotomy. Because the AChE T transcript is predominantly expressed in neurons, we focused on the level of expression of this mRNA (Legay et al., 1993; Seidman et al., 1995) . As illustrated in Figure 3 , AChE mRNA levels decreased dramatically to ϳ50% of sham-operated levels ( p Ͻ 0.0001) within 1 d of axotomy. Transcript levels continued to decrease gradually, such that the levels observed within 2 and 4 d of axotomy were ϳ30 and 15% ( p Ͻ 0.0001) of those in sham-operated SCGs, respectively. The relative amount of S12 ribosomal protein mRNA, used as an internal control for these assays, did not vary significantly during this period.
Axotomy results in decreased AChE mRNA stability
Given these observations, we subsequently considered whether axotomy of the SCG also affected post-transcriptional regulation of AChE. Therefore, we first performed in vitro mRNA stability assays to determine whether proteins from sham-operated and 2 d axotomized SCGs differentially affect AChE mRNA levels. These assays are commonly used to assess the stability of specific transcripts in response to particular stimuli (Kohn et al., 1996; Ford and Wilusz, 1999; Mobarak et al., 2000) . To this end, exogenous total RNA from NGF-induced differentiated PC12 cells that have a high level of AChE mRNA was incubated with protein extracts from either sham-operated or 2 d axotomized SCGs. Aliquots of the protein-RNA reaction mixture were removed at timed intervals, and mRNA was extracted and used for quantitative RT-PCR.
As shown in Figure 4 , AChE transcript levels decreased during the course of the incubation period in the presence of protein extracts from sham-operated and 2 d axotomized SCGs, albeit more rapidly in the presence of axotomized SCG proteins. Figure  4 A demonstrates that mRNA extracted from the sham-operated protein-RNA reaction mixture could be amplified at all time points examined. Remaining AChE mRNA levels were expressed as a percentage of the levels determined at time 0 (100%). Accordingly, under these conditions, the AChE mRNA half-life cor- responded to ϳ20 min when RNA was incubated with shamoperated SCG proteins. In comparison, AChE mRNA levels were significantly diminished within 30 min of incubation of the RNA with 2 d axotomized SCG protein extracts and undetectable by 60 min. The calculated half-life of AChE mRNA when incubated with 2 d axotomized SCG protein extract was ϳ10 min. These results therefore suggest that after SCG axotomy there is an alteration in the levels or functions of certain RNA-binding proteins that are important to AChE transcript stability and abundance.
Axotomy alters AChE mRNA and protein interactions
We performed REMSAs using an in vitro-transcribed 64-nucleotide transcript encompassing the ARE (Fig. 5A ) to visualize the differential interactions between this domain and RNAbinding proteins. As illustrated in Figure 5B , REMSAs performed using proteins from sham-operated SCGs, resulted in three different complexes (see arrows) that associated with the AChE ARE. To decrease nonspecific interactions, both yeast tRNA and heparin were added to the binding buffer. REMSAs performed with excess cold-labeled ARE (100-fold) competed out the complexes (data not shown). When protein extracts from 2 d axotomized SCGs were used, the binding intensities for all three complexes were decreased. Notably, the decreased interactions of some of the complexes were more dramatic than others (Fig. 5B , second arrow) in the REMSAs performed with 2 d axotomized SCG protein extracts. The observed banding pattern and decrease in binding intensity were highly reproducible (n ϭ 3 different REMSAs).
To demonstrate that HuD protein specifically associated with the ARE, we performed REMSAs with a GST-HuD fusion protein and excess GST domain alone. As shown in Figure 5B , we found that the complex formed between GST-HuD and the ARE corresponded with one of the complexes formed between the ARE and SCG proteins (compare right arrow with left arrow). In addition, this complex appeared to be absent in the REMSA performed with protein extracts from axotomized SCGs. Accordingly, this complex, which possibly corresponds to HuD, exhibits either reduced binding or does not bind to the AChE 3Ј-UTR after axotomy.
To further demonstrate that HuD associates with AChE mRNA, we incubated the GST-HuD fusion protein with a total RNA extract isolated from sham-operated SCGs and immunoprecipitated HuD protein with a HuD-specific antibody (see Materials and Methods) extracted total RNA and used it for RT-PCR. As shown in Figure 5C , AChE mRNA could be amplified from the GST-HuD immunoprecipitate. In addition, GAP-43 mRNA, another known target of HuD (Mobarak et al., 2000) , was also amplified from the GST-HuD immunoprecipitate (data not shown). However, neither AChE nor GAP-43 transcripts were amplified from the controls, namely excess GST alone, control IgG, or the streptavidin-coated beads, suggesting that the binding was specific. Together, these results strongly support the specificity of the interaction between HuD and AChE.
Interactions between the ARE and proteins from shamoperated and 2 d axotomized SCGs were also assessed using UV-XL assays and Northwestern analyses. UV-XL assays were performed in a similar manner to the REMSAs, except that the protein-RNA complexes were cross-linked by UV light and proteins making up the complexes were separated by SDS-PAGE, after digestion of the bound and unbound RNA. With the UV-XL assay, we found a protein from sham-operated SCGs of ϳ40 -42 kDa that could bind the ARE (Fig. 5D) . In comparison, we could not detect any proteins from the 2 d axotomized SCG extract that were directly binding the AChE ARE. Likewise, in the Northwestern analyses, two proteins of that approximate mass from shamoperated and 2 d axotomized SCG protein extracts bound the ARE. However, binding intensities of the proteins from 2 d axotomized SCGs were considerably decreased (Fig. 5E) .
Finally, direct binding of SCG HuD with the AChE ARE was demonstrated by mRNA-binding protein pull-down assays. In this assay, biotin-labeled RNA corresponding to the FL AChE Figure 5 . The pattern of protein-RNA interactions with the AChE 3Ј-UTR changes after axotomy of rat SCG. A, Schematic of the ϳ2.4 kb AChE transcript including the ARE and its sequence. The FL 3Ј-UTR probe (FL; 245 nucleotides) and ARE probe (64 nucleotides) consisting of the ARE and flanking domains are also shown. nt, Nucleotides. B, REMSAs were performed using protein extracts from sham-operated and 2 d axotomized SCG incubated with the in vitro-transcribed radiolabeled AChE 3Ј-UTR ARE probe in the presence of yeast tRNA and heparin. REMSAs were also performed with the GST-HuD fusion protein and the GST domain alone and the ARE probe (right arrow). Representative autoradiograms demonstrate the interaction between RNA and protein complexes. Right arrows indicate specific RNA-protein complexes that decrease in the axotomy sample. C, Specific interaction between the GST-HuD fusion protein and AChE mRNA found in a sham-operated SCG total mRNA extract is demonstrated by immunoprecipitation of HuD with a HuD-specific antibody and RT-PCR for AChE performed on the immunoprecipitate. The GST moiety (Gst), normal rabbit IgG, and protein G beads (Bds) were used as controls for nonspecific binding. The AChE PCR product obtained is viewed on an ethidium bromide-stained agarose gel. Ϫve, Negative. D, E, Direct binding of specific proteins from sham-operated and 2 d axotomized SCGs to the ARE was examined using UV-XL assays (D) and Northwestern analyses (E). Note the decreased binding of an ϳ40 kDa protein indicated with the arrows. F, mRNA-binding protein pull-down assay was performed using biotin-labeled FL AChE 3Ј-UTR, ARE, and GAP-43 3Ј-UTR RNAs incubated with protein extracts from shamoperated and 2 d axotomized (Axotomy) SCGs. Immunoblots for neuronal Hu proteins were performed with proteins pulled down by labeled RNA. Bands corresponding to HuD are indicated with an arrow. Note the presence of Hu proteins binding more specifically to AChE and GAP-43 mRNAs in the sham-operated protein extract than in the axotomized protein extract. S, Sham operated; Ax, 2 d axotomized; HuD, GST-HuD fusion protein.
3Ј-UTR and the ARE were incubated with protein extracts from sham-operated and 2 d axotomized SCGs. The resulting complexes were pulled out of solution and used for Western blotting using an antibody directed to all neuronal Hu proteins: HuD (ϳ40 -42 kDa), HuB, and HuC (ϳ39 kDa) (Marusich et al., 1994; Okano and Darnell, 1997) . Based on the amino acid sequence, HuD has a greater mass than HuB and HuC. As shown in Figure 5F , neuronal Hu proteins from sham-operated SCG associated with AChE FL and ARE transcripts specifically. The specificity of this interaction was confirmed using the GAP-43 3Ј-UTR, which, as expected, also pulled down neuronal Hu proteins (Fig. 5F ) (Mobarak et al., 2000) . Note that proteins pulled out of solution by AChE and GAP-43 transcripts had a similar molecular mass to those binding to the ARE as revealed in UV-XL and Northwestern analyses (compare arrow in Fig. 5F with Western blot in Fig. 2 B) . This suggests that one of the proteins binding the AChE ARE is indeed HuD. When the pull-down assay was performed with protein extracts from 2 d axotomized SCGs, transcripts for AChE and GAP-43 showed greatly decreased or no interactions with neuronal Hu proteins. Together, the results obtained with several different yet complementary approaches indicate that the decrease in AChE mRNA levels after SCG axotomy results from decreased binding of the neuronal Hu proteins, specifically HuD.
HuD expression is altered after SCG axotomy
Because we observed decreased binding of proteins of the approximate molecular mass of HuD, we next specifically examined the effect of SCG axotomy on expression of HuD transcripts and protein. The HuD gene is alternatively spliced at the 3Ј end, resulting in three possible transcripts: HuD pro , which is unspliced; HuD, which lacks exon 7; and HuD mex , which lacks exons 6 and 7 (for review, see Deschênes-Furry et al., 2006) . As shown in Figure  6 A, sham-operated SCGs expressed HuD pro and HuD transcripts, but to different extents, such that the level of expression of HuD was greater than that of HuD pro . As shown in Figure 6 , the alternatively spliced HuD pro and HuD transcripts (quantified together by RT-PCR) decrease by ϳ50% within 1 d of axotomy and remained at this low level of expression for up to 4 d. Using antibodies directed to all neuronal Hu proteins, we observed that the protein levels of the band corresponding to HuD (Marusich et al., 1994) were decreased to a similar extent as the transcripts in 2 d axotomized SCGs (data not shown). In addition, the reduction in Hu protein levels corresponds well with the diminished protein-RNA interactions observed in the UV-XL, Northwestern, and pull-down analyses (compare Figs. 2 B, 5D-F ) . These findings therefore indicate that reduced HuD expression levels as a result of SCG axotomy lead to parallel changes in HuD binding activity and, consequently, on the overall expression levels of AChE mRNA.
Exogenous expression of HuD maintains AChE mRNA levels after axotomy
To explicitly demonstrate the role of HuD in regulating AChE expression after SCG axotomy, we expressed exogenous human HuD in SCG neurons using a replication-deficient HSV containing the complete human HuD cDNA (Szabo et al., 1991; Anderson et al., 2001) . For this experiment, the virus was injected into the SCG 4 d before axotomy, and SCGs were removed 2 d after axotomy for analysis. As shown in Figure 7 , we observed that AChE mRNA levels decreased dramatically by ϳ80% after axotomy, similarly to what we observed in Figure 3 . However, when human HuD was expressed in the SCG, AChE mRNA levels remained unchanged. In fact, they were expressed to the same level as in the sham-operated SCG. When comparing the staining intensity seen in ethidium bromide-stained agarose gels (Fig. 7A) , injection of HuD-HSV appeared to increase expression levels of AChE transcript in sham-operated SCGs as well. To control for the effects of viral infection, we injected a LacZ-expressing HSV. Injection of the LacZ-expressing HSV did not appear to affect the expression level of AChE transcripts in sham-operated SCGs (Fig. 7A, middle panels) or after axotomy, suggesting that the response to HSV-HuD was specific to HuD.
To confirm the compensatory effect of HuD exogenous expression on AChE mRNA levels, we also examined expression of another known HuD target, GAP-43 mRNA. We observed that GAP-43 mRNA levels decreased in 2 d axotomized SCGs. Expression of exogenous human HuD also prevented the decrease in GAP-43 transcript levels. As with AChE, the levels of GAP-43 mRNA appeared greater in sham-operated, HuD-injected SCGs (Fig. 7A) , on comparison of the gels. Together, these results clearly demonstrate that expression of human HuD in the SCG before axotomy can compensate for decreased expression of endogenous HuD and, accordingly, prevents the reduction in AChE transcript levels in response to axotomy. 
Discussion
Numerous studies have previously characterized the expression pattern of AChE molecular forms, activity, and transcripts in neurons of the CNS and PNS (Koelle, 1954; Hosli and Hosli, 1970; Mesulam and Geula, 1991; Hammond et al., 1994; Karpel et al., 1994; Bernard et al., 1995) . Although the individual roles of transcriptional and post-transcriptional events are being addressed using various cell-culture systems, there is, in comparison, very little known about the molecular mechanisms controlling AChE expression in neurons in vivo. Given the essential role of AChE in the CNS and PNS, its involvement in various disease states, and its known noncholinergic functions (see Introduction), it appears important to gain insights into the molecular mechanisms regulating AChE expression in vivo. Accordingly, we examined here the interaction between HuD and AChE mRNAs in vivo in the CNS and PNS and after axotomy of the SCG. Our findings indicate that HuD directly binds AChE mRNA and that there is a correspondence between the levels of expression of HuD and AChE mRNA, such that decreased levels of HuD correlate with decreased AChE mRNA stability and levels after SCG axotomy. To our knowledge, this is the first in vivo study that has clearly demonstrated the occurrence of a specific molecular mechanism involved in regulating AChE expression in neurons.
In vivo studies characterizing the molecular events regulating AChE expression have mostly been performed with skeletal muscle. For example, the dramatic decrease in muscle AChE mRNA levels observed after denervation was attributed to diminished transcript stability as determined by in vitro mRNA stability assays (Grubic et al., 1999; Boudreau-Lariviere et al., 2000) . To date, however, the elements and factors mediating this effect have yet to be identified. In comparison, the specific roles of transcriptional and post-transcriptional regulation of AChE, as well as specific elements and factors mediating these effects, have been identified using cultured muscle, neuronal, and hematopoietic cell lines. During differentiation of these cells, posttranscriptional mechanisms corresponding mainly to transcript stability were shown to be a dominant process regulating AChE expression (Fuentes and Taylor, 1993; Luo et al., 1994 Luo et al., , 1999 Coleman and Taylor, 1996; Chan et al., 1998; Angus et al., 2001; Deschênes-Furry et al., 2003 . Specifically, an ARE in the AChE 3Ј-UTR was identified as a target for Hu-family RNAbinding proteins during myogenic and neuronal differentiation (Cuadrado et al., 2003; Deschênes-Furry et al., 2003 . Here, we show that post-transcriptional mechanisms, in particular transcript stability, are also important to AChE mRNA expression in vivo. Specifically, we demonstrated using human HuDoverexpressing transgenic mice and a series of complementary in vitro approaches that HuD associates with the ARE in the AChE 3Ј-UTR.
AREs are found in 1 in 20 human genes and represent the best-characterized determinants of transcript stability (Chen and Shyu, 1995; Xu et al., 1997; Bakheet et al., 2006) . However, whether a transcript will be degraded or stabilized mainly depends on the presence and nature of RNA-binding proteins that recognize and bind the ARE. One of the prevailing theories surrounding transcript turnover mediated via AREs proposes that the relative abundance of stabilizing versus destabilizing RNAbinding proteins governs the stability of target mRNAs (Barreau et al., 2005; Deschênes-Furry et al., 2006) . Of the increasing number of identified RNA-binding proteins that bind AREs, HuD and the Hu family are some of the few that have transcript stabilizing activities. In this regard, after SCG axotomy, we observed using an in vitro mRNA stability assay a marked decline in AChE mRNA stability, which most likely results from changes in the levels or activity of a key RNA-binding protein and a concomitant decrease in HuD transcript and protein levels. These results therefore indicate that the reduction in AChE transcripts is mostly associated with a decline in HuD expression, because exogenous expression of HuD can rescue AChE mRNA levels.
Alteration in transcript stability also occurs because of changes in the binding activity of RNA-binding proteins. Accordingly, we observed reduced binding of neuronal Hu proteins to the ARE using various binding assays. In addition to decreased HuD expression, the observed decrease in HuD binding may also result from post-translational modification of HuD, or from interactions with other RNA-binding proteins or structural proteins (Kasashima et al., 1999 (Kasashima et al., , 2002 Pascale et al., 2004) . For instance, during neuronal differentiation, HuD binding activity can be controlled by the protein kinase C signaling pathway (Mobarak et al., 2000; Pascale et al., 2005) or through methylation by the methyltransferase CARM1 (coactivator-associated methyltransferase 1) (Fujiwara et al., 2006) . The Hu family of RNA-binding proteins are known to interact with several other proteins, and they are found in ribonucleoprotein complexes often associated with the cytoskeleton Pascale et al., 2004) . Accordingly, we immunoprecipitated HuD and AChE mRNA from hippocampal cytoskeletal protein extracts of HuD-overexpressing transgenic mice. We also observed several RNA-protein complexes that formed with the AChE ARE and SCG protein extracts, suggesting that HuD may be a member of these complexes or that other RNA-binding proteins are interacting with this domain.
HuD is one of the neuronal members of the embryonic lethal abnormal vision-like Hu family of RNA-binding proteins (see for review (Guhaniyogi and Brewer, 2001; Perrone-Bizzozero and Bolognani, 2002; Deschênes-Furry et al., 2006) . This family of mRNA stabilizing proteins includes the other neuronally expressed members HuB and HuC and the ubiquitously expressed HuR. In addition to binding AREs, the RNA-recognition motifs (RRM) of these proteins bind to long poly(A) tails, and the overall binding efficacy of the RRM is modulated by the length of the poly(A) tail (Ma et al., 1997; Beckel-Mitchener et al., 2002; ParkLee et al., 2003; Lopez de Silanes et al., 2004) . Given the number and variety of transcripts with AREs, HuD is implicated in multiple neuronal and cellular functions (for review, see Deschênes-Furry et al., 2006) . For instance, cell-culture studies, and more recently studies performed with HuD knock-out mice, have demonstrated that HuD has a significant role in promoting cellcycle exit (Marusich et al., 1994; Okano and Darnell, 1997; Akamatsu et al., 2005) , differentiation, and neurite elongation (Aranda-Abreu et al., 1999; Mobarak et al., 2000; Anderson et al., 2001) . Within the adult CNS, HuD has also been implicated in the plasticity of hippocampal neurons during various learning paradigms (Quattrone et al., 2001; Bolognani et al., 2004; Pascale et al., 2004) .
In this context, expression of several proteins involved in neurite outgrowth and extension, including GAP-43, tau, neurofilament M, and AChE, are regulated by Hu proteins (Antic et al., 1999; Aranda-Abreu et al., 1999; Mobarak et al., 2000; Deschênes-Furry et al., 2003; Bolognani et al., 2006) . Appropriately, we observed that GAP-43 appears coregulated with AChE after axotomy such that GAP-43 transcript stability decreased with axotomy and exogenous expression of HuD maintained GAP-43 mRNA levels after axotomy. Given these results, it appears therefore that HuD also plays an essential role in vivo by modulating neurite development.
Many of the studies that have characterized AChE expression in neurons have also described changes in AChE protein, activity, and mRNA that take place in response to axotomy (Klingman and Klingman, 1969; Flumerfelt and Lewis, 1975; Tetzlaff and Kreutzberg, 1984; Viana and Kauffman, 1984; Hoover and Hancock, 1985; Farris et al., 1993; Fernandes et al., 1998) . For example, initial studies performed with SCGs showed that axotomy results in decreased AChE activity (Klingman and Klingman, 1969; Viana and Kauffman, 1984) . In addition, axotomy of the facial motor nuclei causes a rapid reduction of neuronal AChE activity and transcript levels (Tetzlaff and Kreutzberg, 1984; Fernandes et al., 1998) . Importantly, Fernandes et al. (1998) also demonstrated that exogenous application of the target-derived trophic factors BDNF and NT4/5 prevented the decline in AChE mRNA levels (Fernandes et al., 1998) . To date however, the mechanisms by which this rescue is mediated remain unknown. Given our current findings and the fact that many cellular and molecular effects of SCG axotomy result from loss of NGF (Klingman and Klingman, 1969; Federoff et al., 1992; Schober et al., 1997) , it is tempting to speculate that there is a direct link between axotomy, levels of neurotrophic factors, HuD expression, and, ultimately, regulation of key transcripts in vivo including AChE and GAP-43.
Recent studies have also begun to address a putative role for HuD in regeneration of motoneurons and sensory neurons after axotomy (Anderson and Steward, 2003; . During the regenerative phase, these authors observed elevated levels of HuD and colocalization with ribonucleoprotein granules and GAP-43. Here, we observed decreased GAP-43 and HuD transcript levels early in the response to axotomy of SCG neurons (Fig. 7) . In addition, exogenous expression of human HuD, which compensated for the decrease in endogenous HuD, rescued the expression of GAP-43 transcripts. HuD, therefore, because of its mRNA stabilizing activity of key transcripts involved in neurite outgrowth, is considered to be essential to the regeneration of peripheral neurons. Consequently, it is becoming apparent that a better understanding of the mechanisms regulating expression, activity, and function of HuD will increase our knowledge of the molecular events taking place during neuronal differentiation, growth, and plasticity. Moreover, this knowledge will be useful in designing novel therapies aimed at modulating HuD levels for treating neurodegenerative disorders or promoting nerve regeneration.
